Using low-energy electron microscopy, we measure the diffusion of Pd into bulk Cu at the Cu(100) surface. Interdiffusion is tracked by measuring the dissolution of the Cu(100)-c(2 × 2)-Pd surface alloy during annealing (T > 240
Introduction
Binary alloy thin films of Pd and Cu have attractive properties for a variety of technological applications [1, 2] . Owing to Pd's ability to dissociatively adsorb H 2 , Pd-Cu alloy thin films are useful in catalysis, e.g. to promote water-gas shift reactions as in hydrogen purification [2] . In microelectronics, Pd-Cu alloys may be used to make components, e.g. interconnects, less susceptible to electromigration damage [3] [4] [5] . In such applications, ultrathin Pd-Cu alloy films are of interest, e.g. as electromigration-resistant surface coatings or gas-permeable membranes. At the Cu(100) surface, submonolayer coverages of Pd form surface or interfacial alloys, involving only the two or three outermost atomic planes [1, [6] [7] [8] [9] [10] [11] [12] [13] . Besides providing a model system to study the growth of alloy thin films, we have found that the surface alloy slows the surface diffusion process [5] , which limits the rate of electromigration in sub-micrometer-wide Cu wires [3] . Since Pd and Cu are bulk miscible, the surface alloy is unstable at temperatures sufficient for Pd interdiffusion into bulk Cu. Previous studies of the interdiffusion of Pd into Cu have explored the process on macroscopic length scales with 'cook-and-look' techniques [14] [15] [16] [17] . To our knowledge, previous studies have not examined the stability of the surface alloy and the early stages of the interdiffusion process. In this work, we use low-energy electron microscopy (LEEM) to characterize the temperature-dependent dissolution of the surface alloy into the Cu bulk. The LEEM enables us to observe the interdiffusion and the evolution of the near-surface structure at the nanometer scale in real-time.
In the temperature range of our experiments (T > 150
• C), submonolayer coverages of Pd form a buried surface alloy at the Cu(100) surface [1, [6] [7] [8] [9] [10] [11] [12] [13] . The structure and growth of the buried surface alloy are well understood [6] [7] [8] [9] [10] [11] [12] [13] . On terraces, figure 1(a), the buried alloy consists of a c(2 × 2)-ordered Pd-Cu underlayer covered by a monolayer of nearly pure Cu [11] [12] [13] . Near step edges, Hannon et al found that some Pd is also present in the third atomic layer, as shown in figure 1(b) . Hannon et al explained that this structure originates from step flow during the growth of the alloy [12] . As Pd adsorbed onto the terrace is incorporated into the second atomic layer, Cu is displaced to the surface. The displaced Cu migrates to nearby steps, causing the steps to advance. The advancing steps grow over the buried alloy on the terrace, so that some Pd then resides in the third atomic layer. On the upper side of the step, arriving Pd continues to be incorporated into the second layer as well, leading to Pd in both the second and third layers.
The buried surface alloy is intrinsically thermally metastable; increasing Pd-Cu coordination lowers the configurational energy of the system [12, 13] and mixing of Pd into the Cu bulk is favored entropically. In this work, we use LEEM to characterize this inherent thermal instability by directly imaging the dissolution of the buried surface alloy Step-overgrowth regions, where Pd is buried in the second and third atomic layers, near step edges. (c) A schematic of the ordered Cu 3 Pd L1 2 alloy phase which occurs for T < 370
• C in Pd-Cu bulk alloys with less than 21 at.% Pd.
while annealing our samples (T > 240
• C). During the annealing period, we observe that the terraces, figure 1(a), and step-edge regions, figure 1(b), evolve along different pathways. On terraces, Pd diffuses into the Cu bulk from the outset of the annealing process. Using LEEM intensity versus voltage (I -V ) measurements [12, 13] , we track the interdiffusion and estimate the Pd diffusion rates at several temperatures. We obtain an activation barrier of (1.8 ± 0.6) eV for Pd diffusion in Cu. In the step-edge region, we observe the nucleation and growth of a new layer of Cu during the annealing period. A LEEM I -V analysis shows that, under this new Cu layer, the Pd near the surface is reorganized into a layered structure similar to the Cu 3 Pd L1 2 bulk alloy shown in figure 1(c) [1, 18] . Over time, this Cu 3 Pd L1 2 structure becomes dilute. The complete dissolution of the surface alloy into the Cu bulk is the ultimate outcome of annealing over long times.
Methods and materials

LEEM I -V technique and analysis
We characterize the evolution of the near-surface structure using LEEM I -V measurements in combination with dynamical LEED I -V analysis [12, 13] .
LEEM I -V measurements are analogous to low-energy electron diffraction (LEED) I -V measurements, a well-established technique for surface structural characterization [19] . In a LEEM I -V measurement, the intensity of electrons reflected from the surface is recorded as a function of their kinetic energy. Specifically, a sequence of LEEM images is recorded while incrementally varying the electron kinetic energy. An aperture is placed in the backfocal (diffraction) plane so that only electrons in the specular beam are recorded in the image. The specular electron reflectivity is dependent on the electron kinetic energy and also on the structure of the surface to a depth of several atomic layers [12, 13] .
The structure and composition of the outermost atomic layers are determined from the LEEM I -V data by a dynamical LEED I -V analysis [13] . Previously, Hannon et al used this method to reveal the terrace and step-overgrowth structure of the buried alloy grown under the same conditions as in our present work, see figures 1(a) and (b) [12] . In the I -V analysis, multiple-scattering theory is used to calculate the reflectivity versus energy relationship for a trial surface structure. Then the calculated curves are compared with experiment. By an iterative process, key structural parameters, e.g. Pd concentrations in the outermost three, or four, atomic layers of the trial structure, are optimized to give the best agreement between the calculated and experimental I -V curves 4 . Two recent publications give the details of our implementation of I -V analysis, with a complete list of the structural parameters that are optimized [12, 13] .
Materials and preparation
Our experiments are performed in an ELMITEC LEEM III system at pressures below 5 × 10 −10 Torr. We perform experiments on a single-crystal Cu (99.999%) sample cut and electropolished to within about 0.1
• of the [100] azimuth. Prior to experiments, the sample is annealed in a furnace at 900
• C under an atmosphere of Ar4%H 2 for 24 h to deplete sulfur and carbon contamination. The sample surface is cleaned by numerous cycles of 1 keV Ar + or Ne + ion sputtering interleaved with annealing at 700-800
• C. When the sample is sufficiently clean to see the step-terrace structure in LEEM images, the surface is further prepared by sublimation (∼850
• C) of several atomic layers of Cu from the surface. The flow of monatomic surface steps during sublimation is observed by LEEM. Smooth, unimpeded step flow is taken as an indication of acceptable surface cleanliness. Figure 2 (a) shows a LEEM image, with atomic-step contrast, of the clean Cu(100) surface acquired with an electron energy of 2 eV. Individual atomic steps and step bunches are evident.
To prepare the buried surface alloy, Pd is deposited at ∼5 ML h −1 from an e-beam-heated Pd wire source onto the sample held at 200-220
• C. Temperatures are measured by a type-C thermocouple spot-welded to a molybdenum ring, which is pressed against the back of the sample. The Pd deposition rate is calibrated by measuring the intensity of the half-order LEED spots associated with the c(2 × 2)-Pd structure, which is known to reach a maximum near 0.55 ML Pd coverage [6] .
Palladium diffusion into the Cu(100) surface
Thermal instability of the surface alloy
Figures 2(b) and (c) show specular LEEM images of the buried surface alloy containing 0.4 ML Pd. The contrast in the images is due to the structural and compositional variation arising from the step-overgrowth mechanism observed by Hannon et al [12, 13] . In figure 2(b) at 14.5 eV, terrace regions, containing primarily second-layer Pd as in figure 1(a) , appear dark. The brighter regions near step edges contain Pd in both the second and third atomic layers, as in figure 1(b) , due to the stepovergrowth mechanism. In figure 2(c), at 20.1 eV, the brightdark contrast is inverted. The energy-dependent bright-dark contrast of the surface alloy completely vanishes, as shown in figure 2(d), when the sample is annealed at 370
• C for 10 min. The loss of the alloy-related contrast indicates that the surface alloy is thermally unstable during annealing.
Figures 3(a) and (b) show the evolution of the LEEM I -V characteristics during the course of the entire experiment. Prior to growing the surface alloy, we obtain an I -V measurement, shown in figure 3(b) , from a terrace of the clean Cu(100) surface. Immediately after the growth of the surface alloy (0.4 ML Pd), a second I -V measurement is obtained from the terrace far from the step-overgrowth region. After the growth of the alloy, a peak has appeared in the I -V curve near 20.3 eV. Figure 3(a) shows how the intensity at 20.3 eV, I (20.3 eV), measured on a terrace, evolves over the course of the experiment. After annealing, an I -V measurement is acquired on a terrace. The peak at 20.3 eV associated with the surface alloy has vanished and the post-anneal I -V characteristics are similar to those of clean Cu, suggesting that Pd has diffused deeper into the Cu bulk.
LEEM I -V analysis of interdiffusion
A dynamical LEEM I -V analysis confirms that, during annealing, Pd is diffusing into the Cu bulk. Figure 4 shows the results of the analysis applied to the experimental results of figure 3 . The optimized calculated I -V curves compare well with experiment. Prior to annealing, the optimized layer concentrations are C 1 = (4 ± 11) at.%, C 2 = (38 ± 10) at.%, and C 3 = (0 ± 16) at.%. Here, C i denotes the concentration of the i th atomic layer starting from the surface, i = 1. After annealing, the optimized concentrations are C 1 = (0 ± 11) at.%, C 2 = (11 ± 10) at.% and C 3 = (17 ± 16) at.% (see footnote 4). Following annealing, greater disparities are expected between the calculated and experimental curves due to intensity contributions from Pd in deeper atomic layers. After annealing, the second-layer Pd concentration has decreased, while the third-layer concentration has increased, demonstrating that Pd is diffusing into the Cu bulk.
Interdiffusion kinetics
We use the 20.3 eV LEEM intensity, I (20.3 eV), measured on a terrace to estimate the time dependence of the second-layer Pd concentration, C 2 (t). From C 2 (t), we estimate the rate of Pd diffusion into the Cu bulk using a simple one-dimensional random walk model for Pd tracer diffusion. Figure 3 (a) shows that, during Pd deposition, I (20.3 eV) grows in nearly direct proportion to the Pd dose. Under the conditions of our experiment, the Pd dose is rapidly and predominantly incorporated into the second atomic layer [11] [12] [13] . Therefore, during alloy growth the intensity at 20.3 eV is proportional to the second-layer Pd concentration, C 2 (t). During annealing, I (20.3 eV) drops again to a value near that measured on the clean surface. The Pd concentration prior to annealing is known from the LEED calibration of the Pd source. Using these conditions, we convert the 20.3 eV intensity to Pd concentration, C 2 (t). Figure 5(a) shows the time dependence, C 2 (t), for several temperatures in the range 250-370
• C. The key distinction between the alloy growth and the annealing experiment is that, during annealing, Pd is incorporated into deeper layers below the surface. It is likely that the changing structure and Pd concentrations (C 3 , C 4 , etc) of deeper layers influence the evolution of the intensity at 20.3 eV. During the interdiffusion experiment, the most significant deviations from the assumed proportionality, The larger red square data point at the highest temperature has been excluded because it is unlikely that the sample reached thermal equilibrium at the nominal thermocouple temperature during the relatively rapid annealing experiment.
C 2 ∼ I (20.3 eV), are caused by the changing structure and composition of the third atomic layer for two reasons. First, on the timescale of our measurements, a rapid and sizeable change in the Pd concentration occurs only in the third atomic layer, assuming a Gaussian evolution of the Pd concentration profile. Second, the attenuation length for 20 eV electrons in a metal is severalångströms, so we have decreasing sensitivity to variations in each successive atomic layer. We estimate the errors induced by changes in the composition of layer 3 using our dynamical I -V model 5 . Errors in C 2 (t) induced by the changing composition, C 3 , are small (∼10%) over a period during which I (20.3 eV) drops to 67% of the initial value at the start of the anneal. Although a strict proportionality C 2 (t) ∼ I (20.3 eV) fails as the composition of deeper layers evolves, errors in C 2 (t) can be quantified and they are small over a sufficiently long interval at the outset of the interdiffusion measurement that the diffusion rate can be obtained. We model Pd diffusion into the Cu bulk as a onedimensional continuous-time random walk in which the surface is represented by a completely reflecting barrier. In our model, the Pd concentration is localized at the reflecting barrier at x = 0 at time t = 0. The Pd spreads into the bulk (x < 0) by a continuous-time random walk for t > 0. The model is implemented by a kinetic Monte Carlo simulation. The time evolution of the concentration at the reflecting barrier is fitted to the experimental C 2 (t) curves using the diffusion rate as a tunable fitting parameter. Figure 5 (a) shows fits to C 2 (t) using our diffusion model. Our simple model gives accurate fits at lower temperatures (the two uppermost curves). At higher temperatures or longer times, as C 2 decreases, the influence of the changing composition of deeper layers is more significant. As the strict proportionality between C 2 (t) and I (20.3 eV) fails, we expect a divergence between our model and experiment. In consideration of such errors, we have fitted the experimental data only for C 2 (t) > 10% as 6 indicated by solid lines. Broken lines show the subsequent model evolution of C 2 .
To estimate the activation barrier to diffusion from the surface alloy into the Cu bulk, we plot the temperaturedependent diffusion rates in Arrhenius form in figure 5(b) . A fit to the rates gives D = 10 13.5±1.5 s
Over the range of the fits, we estimate uncertainty in the best-fit diffusion rates of the order of 20% due to a similar uncertainty in the value of C 2 .
0.6) eV/k B T ]. Within bulk single-crystal Cu, Pd impurities diffuse by exchange with bulk vacancies [14] [15] [16] [17] . The activation barrier, E a , for bulk-vacancy-mediated diffusion includes the sum of the bulk Cu vacancy formation and migration energies, as well as barrier modifications involved in the exchange between Pd and a bulk vacancy. Previous experimental studies have yielded values for E a of 1.7 ± 0.2 eV [17] for polycrystalline samples and 2.12 eV (no stated uncertainty) to 2.37 ± 0.01 eV in single crystals [14] [15] [16] .
Structural evolution near step edges
After annealing over long time periods, all evidence of the surface alloy phase vanishes, both on the terraces and in the step-overgrowth regions. In the step-overgrowth region, we observe a more complex structural evolution during the anneal. At the high side of atomic steps, both the second and the third atomic layers contain significant concentrations of Pd due to the step-overgrowth mechanism observed by Hannon et al [12] . During the annealing, a new Cu layer nucleates and grows on top of the overgrowth region. Under this new layer of Cu, we observe the development of a layered structure resembling the fcc Cu 3 Pd L1 2 bulk alloy phase [1, 18] . Figure 6 (a) shows a 14.5 eV image of a 0.6 ML Pd surface alloy prior to annealing, along with I -V curves from the terrace and step edge. As before, dark regions contain Table 1 . Optimized structural parameters for the alloy surface for the I -V analysis described in figure 6 . R 2 is the reliability factor minimized by optimizing alloy structural parameters. The C i are the Pd concentrations for the ith layer and d i j are the interlayer spacings between ith and j th layers. z 2 is the rippling in the second layer indicating the upward shifting of the Cu sublattice plane. Dashes indicate parameters that were not optimized in the analysis, but rather fixed at values characteristic of the Cu bulk.
Terrace before anneal 0.01 9 ± 11 50 ± 10 6 ± 16 - primarily second-layer Pd and brighter regions contain secondand third-layer Pd. The brighter structures near the center of the image are Cu adatom islands, which sometimes nucleate and grow during the growth of the surface alloy because Cu is ejected to the surface by Pd incorporation. Figure 6(b) shows the same terrace after annealing at 270
• C for 30 min. The brighter step-overgrowth regions in figure 6(b) are still evident. A new structure, which appears black in the images, has nucleated and grown over the bright step-overgrowth regions. This dark region is a new layer of Cu, surrounded by an atomic step, as determined by post-annealing deposition of additional Cu onto the surface. We believe that the new layer grows because Cu is liberated to the surface as the bulk and/or surface vacancy concentrations come up to equilibrium at the annealing temperature [20, 21] .
To determine the near-surface composition under this new layer of Cu, we perform a LEEM I -V analysis. The optimized I -V curves for the surface alloy prior to annealing are shown in figure 6(a). Table 1 summarizes the parameters, and their optimized values, obtained in the I -V analysis. The Pd concentrations in the first three atomic layers on the terrace are C 1 = (9 ± 11) at.%, C 2 = (50 ± 10) at.% and C 3 = (6±16) at.%. Near the step edge, the optimized concentrations are C 1 = (15 ± 11) at.%, C 2 = (18 ± 10) at.% and C 3 = (35 ± 16) at.%. Figure 6(b) shows the optimized LEEM I -V curves after annealing. On the terrace, the concentrations have dropped to C 1 = (5 ± 11) at.%, C 2 = (13 ± 10) at.% and C 3 = (32 ± 16) at.%. In the bright step overgrowth, at the step edge, we find C 1 = (8 ± 11) at.%, C 2 = (6 ± 10) at.% and C 3 = (38 ± 16) at.%.
In the dark region where the new Cu layer has grown, the optimized Pd concentrations are C 1 = (4 ± 11) at.%, C 2 = (20 ± 10) at.%, C 3 = (8 ± 16) at.% and C 4 = (44 ± 20) at.%. In this layered structure, Pd resides primarily in 2 × 2 fcc sublattices of the second and fourth layers, separated by layers of relatively pure Cu. This structure resembles the ordered fcc Cu 3 Pd L1 2 bulk alloy phase shown in figure 1(c) . At the temperatures (200-370
• C) and Pd volume concentrations of our experiments, the Cu 3 Pd L1 2 structure is the expected bulk alloy phase [18] . In our experiment, we estimate the volume concentration of Pd, shared amongst the first four atomic layers, to be 16 at.%. Below 370
• C, Pd-Cu bulk alloys with 8-21 at.% are observed to have the Cu 3 Pd L1 2 structure [18] .
At higher temperatures and/or longer annealing times, e.g. in the 370
• C anneal described in figures 2 and 3, this Cu 3 Pd L1 2 phase also becomes dilute and undetectable. After the anneal, described in figures 2 and 3, there is no evidence of the step-edge contrast or the ∼18 eV double-peak I -V feature, as in figure 6 , associated with the Cu 3 Pd L1 2 phase.
Summary
We have used LEEM to show how the evolution of a surface alloy phase can be used to track the bulk interdiffusion of Pd into Cu. This technique is very likely applicable to a variety of binary, or more complex, alloy systems. Although alloying by bulk interdiffusion, and more specifically alloying in the Pd-Cu alloy system, has been thoroughly explored previously, LEEM, combined with a dynamical LEEM I -V analysis, allows the unique capability to observe and quantify the process in real-time, layer by atomic layer, at the nanometer scale.
